Excitotoxic activation of postsynaptic N-methyl-D-aspartate (NMDA) receptors is thought to be a key event for the molecular pathogenesis of postisch emic delayed neuronal death in CAl hippocampus. To assess a possible interference of ischemia with NMDA receptor expression, transcription of the NMDA receptor I (NMDA-Rl) gene was examined by in situ hybridization in the gerbil brain after 5 min of global ischemia and var ious recirculation intervals. In normal gerbil brain, NMDA-RI was strongly expressed and equally abundant in CAl and CA3 neurons. After ischemia, expression re mained unchanged for 24 h, followed by a selective de-
Summary: Excitotoxic activation of postsynaptic N-methyl-D-aspartate (NMDA) receptors is thought to be a key event for the molecular pathogenesis of postisch emic delayed neuronal death in CAl hippocampus. To assess a possible interference of ischemia with NMDA receptor expression, transcription of the NMDA receptor I (NMDA-Rl) gene was examined by in situ hybridization in the gerbil brain after 5 min of global ischemia and var ious recirculation intervals. In normal gerbil brain, NMDA-RI was strongly expressed and equally abundant in CAl and CA3 neurons. After ischemia, expression re mained unchanged for 24 h, followed by a selective de-Bilateral occlusion of the common carotid artery in the Mongolian gerbil leads to uniform severe ischemia in all forebrain regions. Irreversible in jury, however, is largely restricted to CAl neurons of the hippocampus and evolves slowly after an ini tial latent period of a few days (Kirino, 1982; Pulsinelli et aI., 1982) . The molecular basis of the unique vulnerability of CAl neurons and their de layed degeneration after brief periods of ischemia is not understood. According to current concepts, a pathological accumulation of excitatory amino ac ids is a key event leading to a neurotoxic activation of glutamate receptors and subsequent postisch ernic neuronal degeneration. The increase in extra cellular glutamate, however, is rapidly reversed cline in mRNA levels in CAl neurons, resulting in the complete disappearance of hybridization signals after 4 days. NMDA-RI expression in forebrain neurons less vulnerable or resistant to ischemia including CA3 and den tate granule cells remained unchanged. Similar in situ data were obtained for the 13 subunit of the inhibitory glycine receptor (Gly-R). This subunit is also abundantly expressed in the pyramidal cell layer of the hippocampus, but not known to be involved in the mechanisms of post ischemic excitotoxicity. Key Words: NMDA receptor-In situ hybridization-Gerbil-Ischemia-Delayed neuronal death. (Benveniste et aI., 1984; Mitani and Kataoka, 1991) and does not fully explain the delayed nature of neuronal death in CAl . Electrophysiological, phar macological, and cloning data show that glutamate receptors comprise the families of N-methyl-D aspartate (NMDA) and non-NMDA receptors (for a review, see Monaghan et aI., 1989) . Two phases of glutamate-induced excitotoxicity are distinguished: activation of glutamate-gated sodium channels causes a reversible postlesional cellular edema, while activation of NMDA receptors mediates an excessive influx of calcium ions, finally resulting in delayed neuronal death (Siesj6 and Bengtsson, 1989; Choi and Rothman, 1990; Teichberg, 1992) . In skeletal muscle, synaptic activity regulates the ex pression of nicotinic acetylcholine receptors (Klars feld et aI., 1989). By analogy, recent evidence indi cates that recurrent seizures alter a-amino-3hydroxy-5-methyl-4-isoxazole (AMPA)/kainate receptor expression in the rat hippocampus (Gall et aI., 1990) . The aim of the present study was to de termine whether brief periods of ischemia elicit changes of NMDA-R expression, thus altering neu ronal sensitivity. The recent cloning of a NMDA-R subunit (NMDA-R1) has offered a tool to study its expression in situ (Moriyoshi et aI., 1991) . Postisch emic NMDA-Rl expression was compared to the 13 subunit of the inhibitory Gly-R, which shows a sim ilar cellular expression in the rat hippocampus (Mal osio et aI., 1991). The inhibitory glycine receptor is distinct from glycine binding sites, which represent a regulatory domain of the NMDA receptor and are not known to be involved in the pathogenesis of postischemic delayed neuronal death (Betz, 1991; Becker, 1992) .
MATERIALS AND METHODS
The bilateral carotid occlusion model has been de scribed in detail in a previous publication (Thilmann et aI., 1986) . Briefly, experiments were performed on adult male Mongolian gerbils (Meriones unguiculatus, 70-80 g of body weight) obtained from Tumblebrook Farms (West Brookfield, MA, U.S.A.) Anesthesia was induced with a mixture of 30% 0z, 70% NzO, and 1.5% halothane. Both common carotid arteries were exposed and double clamped with atraumatic Biemer aneurysm clips. After 5 min of ischemia, clips were removed and restoration of blood flow was visually verified. Control gerbils were subjected to anesthesia and all surgical procedures, ex cept clamping of the arteries (n = 1 per time point). An imals were killed at postischemic recirculation intervals of 15 and 30 min, 3, 8, and 24 h, and 2, 4, and 8 days (n = 3 per time point). In addition, two Sprague-Dawley rats served as controls, as the oligonucleotides employed cor responded to published rat cDNA sequences. Brains were rapidly removed and frozen on a bed of dry ice. Coronal sections at the level of the dorsal hippocampus were cut at a thickness of 14 fLm in a cryostat at -20°C, dried on polY-L-lysine-coated slides, and fixed in 4% paraformaldehyde (w/v in phosphate-buffered saline, pH 7.4) for 5 min. Oligonucleotide probes (45 base pairs) were synthesized and purified using a NaP5 column (Pharmacia, Freiburg, Germany). The antisense probe (NMDA-AS1) for NMDA-Rl (Moriyoshi et aI., 1991) was synthesized corresponding to nucleotides 1,024-1,068 (CAG GTT CAT GAT ACT ATA GTT GGC AAA CTT CCG GTC CCC ATC CTC). This probe recognizes each of the recently described seven transcripts of the NMDA Rl gene generated by alternative splicing (Sugihara et aI., 1992) . A sense probe complementary to the NMDA-ASI probe served as a control. The oligonucleotide probe for the � subunit of the inhibitory Gly-R (Gly-�-AS 1) was complementary to nucleotides 860-904 (AGC AAT TTT TTC CAA CTG AAC AGG ATC TCC TGA CTG CCA GAT GAA) (Grenningloh et aI., 1990) . Following the pro tocol by Wisden et al. (1991) , probes were 3' labeled with [a-35SjdATP (1,500 Cilmmol, New England Nuclear), us ing terminal transferase from Boehringer (Mannheim, Germany). Radiolabeled probes were diluted 1:100 in hy bridization buffer [50% formamide, 4x saline sodium ci trate (SSC), 10% dextran sulfatej and sections were cov ered by 100 fLl overnight at 42°C. Subsequently, sections were washed as follows: 1 x SSC for 1 h at 56°C, 1 x SSC for 15 min at room temperature (RT), and 0.1 x SSC for 15 min at RT. Following dehydration in 70, 90, and 100% ethanol and air drying, sections were exposed to Kodak XAR films (Eastman Kodak Company, Rochester, NY, U.S.A.) for 10 days. Incubation of control slides with either a sense probe or with the labeled antisense probe in the presence of lO-fold excess of nonlabeled antisense probe did not result in radioactive labeling (not shown). To standardize exposure times as a control of the satura tion range of XAR films, autoradiographic standards e4C microscales, Amersham, Braunschweig, Germany), were coexposed with the sections. Furthermore, sections were repeatedly exposed to XAR films for different time inter vals.
RESULTS
Using the NMDA-ASI 45-mer oligonucleotide probe, hybridization in sham-operated control ger bils matched NMDA-Rl expression in anatomically identical forebrain regions of control rats (not shown). In both species, the pyramidal cell layer of the hippocampus exhibited strong hybridization that was equally intense in CAl and CA3. Intense hybridization was also seen in dentate gyrus and cerebral cortex (Fig. 1) . In gerbils subjected to 5 min of global ischemia, normal NMDA-Rl expres sion persisted for 24 h, followed by a progressive selective reduction in hybridization signals in CAl .
This decrease was first detected at 2 days after isch emia. After 3 days, NMDA-Rl mRNA was reduced to very low levels and had altogether disappeared after 4 days (Fig. 1) . At all postischemic intervals, changes in hybridization were strictly confined to CAl hippocampus. All other hippocampal areas (dentate gyrus, CA3, and CA4), as well as cortical and subcortical forebrain areas, showed NMDA-Rl labeling indistinguishable from control animals. Re sults almost identical to NMDA-Rl expression were obtained with Gly-I3-ASl for the inhibitory Gly-R after ischemia. Gly-R 13 subunit mRNA was abundant in the pyramidal cell layer of control ger bils, but labeling was distinctly lower in the dentate gyrus and cortical and subcortical gray matter. Fol lowing transient global ischemia, mRNA expression remained unchanged for 24 h, and then gradually declined in the CAl field only. No hybridization was detectable at 4 days after ischemia (Fig. 1) .
DISCUSSION
Delayed neuronal death has widely been attrib uted to excitotoxic activation of glutamate recep tors, in particular the NMDA responsive subtype (Rothman and Olney, 1987) . However, the present study demonstrates that the regional pattern of NMDA-Rl transcription does not correlate with the selective vulnerability of hippocampal CAl neu rons. In the gerbil hippocampus, NMDA-Rl mRNA is equally abundant in highly vulnerable CAl and more resistant CA3 neurons (Fig. 1) and thus
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Glycine Receptor   FIG. 1. In situ hybridization for NMDA-R1 and 13 subunit of the inhibitory glycine receptor at the level of the dorsal hippocampus in a control gerbil (C) and following transient forebrain ischemia with different recirculation intervals (negative film images from radiographic films, x7).
matches the distribution pattern in rats (Moriyoshi et aI., 1991) . This finding is at variance with ligand binding studies demonstrating a particularly high density of NMDA receptors in the CAl subfield of the normal hippocampus (Monaghan and Cotman, 1985) . This discrepancy of binding sites and mRNA species in CAl may result from differences in the subcellular distribution, turnover, and receptor sub types analyzed. Following global ischemia, normal NMDA-R1 mRNA levels persisted in vulnerable CAl neurons for up to 24 h, but were distinctly reduced after 2 and 3 days, and undetectable after 4 days. NMDA receptor expression was unaffected in neuronal populations less vulnerable or resistant to brief ischemia (e.g., CA3, dentate gyrus, and neo cortex). The time course of NMDA-R1 mRNA re duction closely corresponds to the secondary im pairment of energy metabolism (Suzuki et aI., 1983a; Arai et aI., 1986) and coincides with morpho logical evidence of neuronal necrosis (Kirino and Sano, 1982) , indicating that the reduction in NMDA-R1 transcripts in CAl hippocampus results from delayed neuronal death. This conclusion is further supported by the corresponding postisch emic reduction in GlyR � subunit transcription lev els in CAL In accordance with our data, postisch emic radio ligand binding studies of NMDA recep tors demonstrated a delayed persistent decrease in NMDA receptor density in CAl 2 to 3 days follow ing global ischemia (Bowery et aI., 1988; Leach et aI., 1988; Haba et aI., 1991) . In contrast to these gerbil data, Onodera et aI. (1989) reported an addi tional gradual decrease in radio ligand binding in dentate gyrus and CA3 after 20 min of global isch emia by four-vessel occlusion in rats.
The morphological integrity of CAl pyramidial cells is maintained during the initial latent period of 2 days. This period is not only characterized by an initial rapid recovery of energy metabolism and electrophysiological activity (Suzuki et al., 1983a,b) , but also by complex changes of gene ex pression. Transcription of the immediate early genes c-fos and c-jun and the major mammalian heat shock protein hsp-70 is induced but is not fol lowed by translation into protein (Nowak, 1990; Wessel et aI., 1991) . Neuronal ornithine decarbox ylase is induced both on the transcriptional and translational level (Muller et aI., 1991) . In contrast, no changes in NMDA-R1 gene expression were ob served during the latent period. Our data, however, do not rule out posttranslational modifications as a possible mechanism of altered postischemic NMDA receptor sensitivity. In fact, the key role of NMDA receptor-mediated excitotoxicity has recently been challenged (Buchan and Pulsinelli, 1990 and rat, hippocampal neurons are protected against global ischemia by non-NMDA rather than NMDA receptor antagonists (Sheardown et aI., 1990; Nell gard and Wieloch, 1992) . Further studies are nec essary to clarify whether this apparent contradic tion results from the complexity of NMDA receptor subunits (Monyer et aI., 1992; Sugihara et aI., 1992) or a possible interdependence of glutamate receptor subtypes.
